USAAVLABS TECHNICAL REPORT 67-76

e

C\2

2 HIGH TEMPERATURE SENSORS

Do FOR SMALL GAS TURBINES

3o ,

=

<L By e

A. Marshall Gaylord
William A. Compton

April 1968

U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

CONTRACT DA 44-177-AMC-380(T)
SOLAR DIVISION OF INTERNATIONAL HARVESTER COMPANY
SAN DIEGO, CALIFORNIA

This document has been approved
for public release and sale; its
distribution is unlimited.

/34



Disclaimers

The findings in this report are not to be construed as an official Depart-

ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for
any purpose other than in coanection with a definitely related Government
procurement operation, the United States Government thereby incurs no °r
responsibility nor any obligation whatsoever; and the fact that the Govern-

ment may have formulated, furnished, or in any way supplied the said

drawings, specifications, or other data is not to be regarded by impli-

cation or otherwise as in any manner licensing the holder or any other

person or corporation, or conveying any rights or permission, to manu-

facture, use, or sell any patented invention that may in any way be
related thereto,

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software,

Disposition Instructions

Destroy this report when no longer needed. Do not return it to
ofiginator.

e s e e e
- RS

[P Vh )

o W o gl
DL

¢ e
P L’ {

5 SRR LI




DEPARTMENT OF THE ARMY

U. 8. ARMY AVIATION MATEREL LABORATORKS
FORT CUSTIS. VIRGINIA 23604

This Command has reviewed this report and concurs
in the conclusions contalined herein. The findings
and recommendations of this report wil! be used to
gulde future programs of temperature sensor develop-

ment.




Task 1M121401D14416
Contract DA 44-177-AMC-380(T)
USAAVLABS Technical Report 67-76

April 1968

HIGH TEMPERATURE SENSORS
FOR SMALL GAS TURBINES

Final Report

By

A. Marshall Gaylord
William A, Compton

Prepared by

Solar Division of International Harvester Company
2200 Pacific Highway
San Diego, California 92112

for

U.S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

This document has been approved
for public release and sale; its
distribution is unlimited.

P T




ABSTRACT

This report describes an experimental program performed to generate technology
on high temperature sensor concepts for small gas turbines. Major emphasis was
placed on the definition of material systems necded for transducers with long life,
good reliability, and fast response for sensing turbine inlet temperatures in the
range of 2200° to 2500°F with transients to 3000°F. The technology related to three
types of sensors was considered: thermocouples, resistive devices, and radiation
pyrometers. Inherent material problems with resistive devices at temperatures
above 1600°F limited the experimental program on this concept. Thermocouple and
radiation sensors were studied extensively, resulting in several promising
approaches to meet program goals.

Several material systems were identified and experimentally shown capable of
sensing air temperatures at 2500°F with transients to 3000°F. Since thermocouples
measure temperature at one point in the flow path, a large number of junctions are
necessary to obtain proper averaging due to burner streaking (the T-56 uses 16
junctions). A method of determiring the effect of gas blockage on engine cycle
efficiency is presented and shown to be significant. A proposed protected thermo-
couple junction offers best reliability and durability, but has relatively slow
response to changes in gas temperature. A suggested exposed junction has greatly
improved response rate, however, the relliability and durability are much less than
the protected junction.

Five commercial radiation pyrometers were evaluated and one concept chosen as
having, by far, the greatest potential for application to turbine engines. Detailed
experiments on environmental effects on all materials led to the design and purchase
of a miniaturized model especially for this program. The sensor consists of a
sapphire window, a quartz lens and a silicon p-n junction detector which must sight
on an emissive body in the gas stream. Thus, hardware, rather than air tempera-
ture, is measured. The rotating buckets are chosen since they will register close
to average temperature. The sensor tested demonstrated microsecond respcnse,
good accuracy, and good reliability as long as the cnvironmental temperature for the
silicon chip was kept below 250°F and the window was maintained clean. A unique
gas -collimator lens (gcl) system was devised which acts as an interface between the
turbire gas path and the sensor head window. An experimental gas-collimator lens
operating on a simulated turbine rig was able to keep the sensor head window per-
fectly clean after many hours of operation interfaced with a high soot-laden gas
stream.

Recommendations are included for continued development of three approaches which
have potential value to the high temperature advanced gas turbines: the protected
thermocouple junction which employs advanced high temperature material systems.
including a TNV -7 coated tantalum alloy sheath, diffusior bonded to a W-Re junction;
the bare PT -RN thermocouple, using in-series junctions, togive the fastest possiblc
response rate; the radiation pyrometer, in conjunction with the gas-ccllimator lens
devised to measure individual bucket temperatures.
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INTRODUCTION

The gas temperature of most gas turbines is determined by inserting thermo-
couple probes at the turbine outlet. In most cases, it is possible to extrapolate
from the turbine outlet to obtain turbine inlet temperature (TIT) with sufficient
accuracy to operate the gas turbine. If extrapolation is not possible, calibration of
the engine is used to measure the difference of turbine outlet and turbine inlet tem-
peratures for subsequent control by measuring only the turbine outlet temperature.

When gas is measured at the turbine outlet, the temperature is averaged by the
turbine wheel and is at the lowest possible temperature in the engine. Equilibrium
temperature of the probe is not influenced by direct radiation from the burner
flame and rarely exceeds 1400°F at the junction. In these systems, the extrapo-
lated TIT is not used in a closed-loop control system, so response rate of the
sensor is not critical.

Advanced gas turbines, however, bring about drastic changes to the above concept.
Programs are under way to prove feasibility of turbine designs with inlet tempera-
tures of 2300° to 2500°F. Since air cooling of the blades and vanes will be used,
extrapolation from turbine outlet to TIT is not possible due to the mixing of cooling
gases with turbine gas. The higher turbine inlet temperatures give greater specific
power, thus less airflow for the same horsepower. Conventional temperature
probes may cause excessive gas blockage in the smaller engines. In addition, con-
trol systems must employ direct sensing of critical temperatures for optimum per-
formance and component protection. This can be accomplished only by measuring
gas temperature at the TIT position, which introduces additional problems and
requirements for consideration:

e  Streaking or temperature maldistribution caused by burner hot spots neces-
sitates the use of from 12 to 24 sensors to obtain the proper temperature

averaging.

e Temperatures are much higher at the TIT position in the engine (2500°F
with transients to 3000°F).

e (Gas passages are the smallest inthe high temperature zone, meaning that
blockage and pressure drop are critical.

e Temperature errors due to radiatiun are most severe at this position in the
cycle. The probes can view the hot flame as well as the cold wall,

e At the TIT position, dynamic loads are higher than at any point in the
kot gas cycle.




e The need to include direct sensing 'n the control system and instrument
indications means that response rate, linearity and reliability become very
critical factors.

e Particulate matter entrained in the gas stream is most severe at the TIT
position,

To meet these requirements, a set of goals was established for a sensor transducer
to measure the turbine inlet temperature of small gas turbines. They were as
follows:

e The sensor must be capable of measuring average and/or individual tem-
peratures of 2500°F with excursions up to 3000°F and transients of 2000°F
per second in an atmospherc f air and/or gas at pressures up to 250
psia and ga3 velocities up to 700 ft/sec.

e The sensor must record the true gas temperature within +15°F throughout
the range from ambient to 3000°F.

e Response times of 10 milliseconds (for 90% of a step change in tempera-
ture) shall be the target for all sensors.

e The signal generated should be linear with temperature to simplify control
problems.

e The sensor should be reliable, durable and rugged to withstand the stress
of the high dynamic environment in the engine.

The foregoing suggests that sensing of such gases is a formidable problem. How-
ever, a number of approaches can be considered to effect a solution. The most
direct appreaches which were considered are:

e The thermocouple or thermoelectric type sensor, where a junction is pro-
jected into the gas stream. The junction approaches the temperature of
the gas stream and yields a millivolt signal proportional to its tempera-
ture. Major problems include: oxidation resistance of materials up to
3000°F, selection of protective sheathing, electrical insulation and thermo-
couple materials which are stable up to these temperatures, and reduction
of the response time.

o The resistive type sensor, where a conductor is projected into the gas
stream. The conductor also approaches the temperature of the gas stream
and exhibits a resistivity change proportional to temperature. Major prob-
lems are similar to the problems outlined for the thermocouple sensor.

e The radiation type seusor, where a nozzle vane or element submerged in the
gas stream is viewed by an optical detector. The emissive power of the
viewed part is proportional to temperature. Major problems include: soot-
ing of the viewing lens or gas stream interface, and the design of an optical
pyrometer rugged enough to operate in the gas turbine temperature and
dynamic environment,
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sideration necessary for TIT sensing. A redefinition of the limitation of each of
these proven concepts employing the most advanced materials system available
today is necessary to meet the requirements of advanced gas turbine engines.

Each of these approaches has certain desirable features which make its con- ’

There are seve.'al second-generation temperature sensing methods, which were not
a part of this program, that could have been considered. Probably the most popular
concept of those not considered is the pure fluids system device. In this method, a
fluid oscillator extracts turbine inlet gases and yields a frequency whiclh is propor-
tional to sonic velocity or square root of the absolute temperature of the gases in
the resonant cavity of the oscillator. Many of the same problems outlined above
must be solved for this method to be a practical candidate for temperature sensing.

This report outlines the results of the program conducted to advance the tempera-
ture transducer technology in the three areas mentioned specifically for small gas
turbines. The program recognizes the temperature sireaking which occurs at

the turbine inlet and the need for multiple sensors to obtain proper averaging. The
program also reviews the special considerations of gas flow blockage problems,
unique with the 2 to 5 Ib/sec flow gas turbines. Small sensor probes with fast
response and minimum gas blockage were considered in the thermocouple task.
Emphasis was placed on laboratory experiments that would yield data which would

; allow design of workable systems for sensing turbine inlet gases in the temperature
* ranges outlined. Emphasis was also placed on reviewing the potential of radiation
sensors applied to small gas turbines.

The program concentrated on the transducer, that is, the element that actually pro-
duces a signal proportional to the measured temperature. The processing of this
signal was not specifically dealt with except in general ternis., The program was
divided into three tasks, each one concentrated on one of the three transducers out-
lined above: thermoelectric, resistive, and radiation sensors. Resistive type sen-
sors appear to offer the least potential for turbine application and received
relatively little emphasis, although most of the work done on the materials prob-
lems of thermoelectric sensors is directly applicable to resistive devices.




TASK I
THERMOELECTRIC DEVICES

Thermoelectric devices (thermocouples) have many features that make the . attrac-
tive as temperature sensors for small gas turbines. Among these are: nea ' lin-
ear thermoelectric output versus temperuture, small size, availability, simplic..y,
wide acceptance, and ease with which they may be integrated into engine controls.
Placing the thermocouples at the turbine inlet, however, nresents new problems
that must be overcome in order to adapt the thermocouple to the new conditions and
requirements. The thermocouple probe is .mmersed in the moving gas and an emf
is produced proportional to the temperature of the hot junction, which is in equilib-
rium with the gas immediately surrounding the probe. To function properly, the
probe must reach a tcmperature very nearly equal to the gas temperature. In adcli-
tion, it must respond rapidly to a change in the gas temperature. The immersed
probe is subjected to very high temperatures, oxidation, erosion, contamination,
and mechanical loading. Designing a probe to be accurate and reliable over a long
period of time under these conditions often is contrary to design criteria aimed at
reducing response time,

Response rates are maximum for a thermocouple probe with an exposed hot junction.
The exposed junction, however, is susceptible to reactions with the gas, contamina-
tion, erosion, and mechanical failure. The performance of the probe must not be
affected by these conditions over the required lifetime. The reliability requirement
is easily satisfied by using a junction surrounded by a protective sheathing. The
rate of heat transfer through the sheathing and insulation, however, is reduced,
slowing the response. Compromises and trade-offs have to be made between oppos-
ing requirements to enable a thermocouple probe to best fit a given application.

The possibility of using materials other than metallic materials for thermocouples
has been extensively studied in both England and the United States. A comprehen-
sive review of such materials is given in Reference (1), where a great many mate-
rials were reviewed for possible thermopile generator applications. Included in
this study were: metals versus transition metal hydrides; metals versus refrac-
tory borides, carbides, nitrides and silicides; metals versus oxides and some
semiconductor studies. In some cases, high Seebeck voltages were obtained, but
they were mostly nonlinear. The most serious restriction in using nonmetallic
thermoelectric pairs is the difficulty in fabricating small high-response thermo-
couples from hard, brittle materials. Also, the poor thermal shock resistance of
many of these materials would probably result in early failure during transient
engine operations.

Since alloy development for thermoelectric materials is such a broad field and is
constantly being explored by thermocouple manufacturers, no new materials were
developed during this program. Instead, emphasis was placed on currently avail-
able high-temperature (melting points greater than 3000°F) thermocouple materials

4
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and the development of high-response thermocouples that will not be ""short-lived"
in the turbine inlet,

THERMODYNAMIC AND ANALYTICAL CONSIDERATIONS

Sensor Errors During Steady-State Conditiors

The purpose of placing a temperature sensor or probe into a gas stream is to
obtain a measurement of the total (stagnation) temperature of the gas. Neglecting
the influence of read-out circuits and indicators, a sensor would be considered to
be perfect if that part of the sensor which gives the measured effect (e.g., the
hot junction of a thermocouple) were at all times equal in temperature to the
stagnation temperature of the gas.

It is well known that when an object is immersed in a moving gas, thermal equi-
librium will be obtained with some surface temperature other than that of the
stagnation temperature of the gas. Figure 1 illustrates the temperature gradient
inthe gas film close to the surface of an immersed body. At great distances from
the body surface, the temperature of the gas is called the free-stream static
temperature,

As the surface is approached, the gas temperature increases because of reduction
in velocity with consequent recovery of kinetic energy by conversion to heat. This
"aerodynamic heating' effect will follow a curve of type 1 or 2 in Figure 1, de-
pending upon the boundary conditions at the surface of ine body.

In considering curve 2, which is the case of an ideal, perfectly insulated, non-
radiating body, there is no heat transfer into or out of the body, and the surface
temperature achieved is called the adiabatic temperature. It should be noted that
even in this case the probe is not "perfect' as defined above, because the adiabatic
temperature will always be less than the theoretical stagnation temperature of the
gas. This is because, as the gas velocity reduces through the boundary layer, the
gas heats up and loses heat by conduction, conveciion and radiation to cooler parts
of the gas further away from the surface. These losses ensure that the adiabatic
temperature, t,4, is always less than the stagnation temperature T, and so a
recovery factor, r, may be introduced, where

r=,r_t (1)

where t = the free-stream static temperature of the gas.

Since by definition

then 2
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From this, it is clear that the recovery factor is that fraction of the kinetic energy
of the gas which is recovered by conversion to heat at the surface of the immersed
body.

The recovery error ratio A, given by

- (2)

is more convenient than the recovery factor in the temperature sensor analysis.
The relationship between the two is

V2

A = ) ——
(1- 1o 3)

p

or
1_"_1M2
_(-r) 2

a = Y-1 .9 (4)

1 + 2 M

where M is the free-stream Mach number. This equation indicates that the recov-
ery error tends to zern (even for quite low recovery factors) as the free-stream
velocity reduces to zero.

For example, with a recovery factor of only 80%, the recovery error ratio (with
Y = 1.4) is given in Tablel for various Mach numbers.

TABLE I, RECOVERY ERROR RATIO AS A FUNCTION
OF VARIOUS MACH NUMBERS

Mach No. 0.25 0.5 1.0 1.5

(%) 0.247 0. 87 3.33 6.2

From this table it is apparent that recovery errors become significant only at Mach
numbers greater than 0.3. The steady-state heat transfer characteristics of a real
temperature probe may be best expressed in terms of the heat energy balance on
the probe

Input = Output

Qr*%v = W*Up (5)




where the subscripts are
GR = radiation from gas to probe
CV = forced convection from gas to probe
R = radiation from probe to surroundings
CD = conduction from probe to surroundings

Generally, apar: from gases rich in water vapor or carbon dioxide, the gas radia-
tion component may be neglected, since it is small in comparison to other com-
ponents. The steady-state energy balance reduces to

Input = Output

Q. = 9 *Qp (6)

In Figure 1, the curve of type 1 is produced under these conditions where the
immersed body is gaining heat by convection from the gas (at some effective gas
temperature, t,, intheboundary layer) and losing heat by conduction and radiation
to its surroundings. The resulting surface temperature, t\,j, is less thant,, which
in turn is less than tad and T. The combined error ratio in this case is

AT - twl
T

This is the common steady-state case of a temperature sensor, The temperature,
tad’ loses significance and equation (5) can be written

T T (7)

I
b
+
>4

where A1 is the recovery error ratio based on gas temperature and As is the com-
bined radiation and conduction error ratio.

In most probe designs, it is possible to make the corduction component negligible
compared to the gas to probe convection and probe t ) surroundings radiation.
Equilibrium conditions are then given by

Qy = 9 (8)

Substitution and expansion yields probe temperature (t ) as a function of (true) gas
temperature (tg) . p

n
t -t =(t-t)h—" (9)
C
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where the previously unidentified variables are !‘
ts = temperature of surroundings
hr = coefficient of heat transfer (radiation)
hc = coefficient of convective heat transfer

The radiation conductance factor for this particular configuration reduces to

4 4
e [6)¢ - ]
hr = - oot (10)
P s
wheree¢_ = probe emissivity

o Stefan-Boltzmann constant

Equation (9) establishec the magnitude of the radiation error when probe conduction
and gas-probe radiation are negligible. Due to the nature of radiant transmission,
the error becomes larger as the system gas temperature level is raised while
driving through a fixed probe-surroundings potential. The error may be reduced
by reducing the radiation conductance factor or increasing the convection
coefficient.

Sensor Errors During Transient Conditions

When the gas temperature changes, there will be a time lag before the sensor
reaches thermal equilibrium with the gas at its new temperature. This time lag
will cause a transient error given by equating the heat transmitted from the gas to
the heat absorbed by the sensor (neglecting all other effects) over a small interval
of time; thus,

dTB
h (T - T,) Ad A= WCp(Fe—) de (11)
WC dTB
At - Tss- Tg = hA <_d'0—) (12) :

where

(>
"

the instantaneous transient error

=
I

the mass of the sensor

=5 temperature at steady state

T
TO = temperature at time 6




A the effective heat transfer area

8 = time

It is apparent from equation (12) that a transient error will exist until the time rate
of temperature change of the sensor reduces to zero, i.e., until the new steady-
state condition of thermal equilibrium is attained,

Th: above equation may be solved for the probe temperature as a function of time
after a step change in the temperature of the surrounding gas. Assuming that the
probe is at the same temperature as the gas before the change in temperature,
then the fraction of the step change that is accomplished by the probe at time 6,
after the step change (9 = 0), is given by

To - T, e 1.e9T_ ale (13)
T -T - AT
ss o 8s
where
T = time constant

ATy = temperature change at time 6§

ATss = total temperature change at steady state

The time constant, 7, is equal to

(14)

O:Lg

Thus, the time constant is the parameter in the equation that reflects the physical
size and shape of the probe as well as the convective heat transfer characte ristics
of the gas probe interface. It can be shown that when ¢ equals 7, the probe has
reached 63. 2% of its steady-state temperature, Thus, under given conditions,
the way to reduce the transient error is to reduce the time constant,

The time constant may also be written

VpC
T= P
hA
where
V = volume of the body
p = density of the body

10




For the circular cylinder, the time constant reduces to

pC d
Teyl = _hBZ_ (15)
c

where d = cylinder diameter,
The time constant may be minimized by: r

1, Choosing a material wif minimum product of PCp

2. Minimizing diameter d

3. Maximizing the heat transfer coefficient h I

When the heat transfer is based on forced convection to a cylinder in cross flow,
as would be typical of a thermocouple, the convective heat transfer coefficient is
given by

h = - (16)

where Ny is the Nusselt number, K is the thermal conductivity of the wire and d is
the diameter of the wire. The Nusselt number is given in turn by

pv d\ 172

N = 0.478 (—) p 0.3
u u

; an

where V is the velocity of the gas, u is the viscosity (assumed to be constant) and
Pr is the Pradtl number, a constant for a onstant viscosity. The heat transfer
coefficient is then given by

Vd/ KP _ - 03
h, = 0.478 3 (18)

or

where K is a constant dependent on the physical properties of the thermocouple
material; therefore,

cd 3/2

rcylinder = - £— = Q d
4h

c Vv

where Q is a given material constant,

11




A reduction in diameter reduces the time constant in two ways: by reducing the
mass and by increasing the heat transfer coefficient. The time constant may also
be reduced by increasing the velocity of the gas.

It is important to note that the procedure for minimizing the time constant, as
applied to the forced convection coefficient, is identical to that applicable to mini-
mizing the radiation error. Minimizing the diameter of a thermocouple probe,
consistent with reasonable constraints as regards mechanical and fabrication
properties, has now been established as the most important single feature in probe
design.

The thermal response expression (Equation (13)) is really valid only for an "ideal"
probe, where there is no net radiation between probe and surroundings (or gas),
where the probe conduction component is zero, and where the gas stream tempera-
ture profile is uniform. None of these conditions exist in practice but, as pre-
viously noted, they can be approached with careful design with the possible excep-
tion of the radiation error. As previously noted, the only practical method of
combating this problem is to add one or more reflecting shields. 1t is difficult to
imagine how this can be accomplished without adding considerably to the time con-
stant, which is entirely contrary to the subject design criteria. In addition, it
should be noted that the time constant is not really a constant at all, as the forced
co: vection coefficient is a function of mass flow rate and (to a lesser degree) gas
temperature, both variables during an engine transient. The equation is important,
however, in analyzing and comparing thermocouple response rates. Care must be
taken not to try to compare response rates found under different conditions.

Multiple Junction Thermocouples

The response rate of a thermocouple is controlled by the value of the time constant
which reflects the physical characteristics of the thermocouple and the surrounding
medium. For fixed environmental conditions, a faster response rate, that is, a
smaller constant, is obtained by reducing the mass and increasing the area of the
hot junction. The severity of the environment and fabrication techniques limit the
possible sizes and shapes of the hot junction due to erosion and mechanical loading.
it may be assumed, then, that for a given set of conditions, an optimum thermo-
couple junction may be designed and built having a minimum size and thus a maxi-
mum response. The response of the junction would be described by equation (13)
with the time ccnstant equal to a minimum value 7,,. The response time of the
thermocouple as a whole can still be further reduced by the use of multiple, in-
series junctions, none of which are smaller than the optimum junction assumed
above,

The multijunction thermor:ouple(z) is formed by making three junctions in series,
as shown in Figure 2.

Junctions 1 and 2 produce additive potentials while junction 3 produces a counter, or
bucking, potential. Under steady-state conditions (all three junctions at the same
temperature), the total output is equal to that of a single-junction thermocouple.
Under transient conditions, however, the total output will depend on the relative
temperature of each junction. The temperature of each junction as a function of
time depends upon its time constant. If junctions 1 and 2 have faster response
(lower time constants) than junction 3, then the additive junctions will be at a

12
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higher temperature than the bucking
junction, creating a total voltage
outpit that is larger than that for a
single junction until the slower-

re sponding bucking junction reaches
the equilibrium temperatures at a
later time. Thus, the overall out-
put will rise faster than a single
junction and will overshoot the
steady-state value until the bucking
junction reaches steady state. If the
small additive junctions hoth possess
the optimum time constant ny, then
the total response is faster than
would be possible with a single-
junction thermocouple.

Figure 2. A Multijunction
Thermocouple.

The total potential (emfg-M) produced by the multijunction at time 6 after a step
change in temperature is given by

emf = emf o- (20)

0-M + emf 6-

-emfe

1 2 -3

where
emf ASS Electrical potential of junction x at time 6.

Since 1y = T, emf g_1 = emf g_5 at all 6. The steady-state potential emfgg is
equal for all three junctions. Using equation (13) together with (20) and assuming
that emf is directly preportioned to T, then
emf -0/ -6/
__OM e e 8 21)
emf
S8

The controlling factor in the response rate of the multijunction thermocouple will be
the ratio 73/11.

Calling this ratio k, the equation for the response of the multijunction can be written

emf 0-M

emf
sSs

-0/71 -0/kT
1+ 1

= 1-2e e (22)

The parameter k reflects the relationship between the response rates of the additive
junctions and the opposing junction. Thus, fo1 k > 1, the opposing junction responds
more slowly and the total response is faster than that for a single junction with time
constant r;. Askbecomes larger, the response rate increases but the potential

13
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overshoots its steady-state value by increasing amounts, requiring longer times to
decay to the steady-state value.

The abov. equation was solved for several values of k using an electronic com-
puter. The fractional change in potential is plotted against time in Figure 3. The
time scale is given in multiples of the time constant, r;, of the additive junctions,
allowing the use of this family of curves to predict the response of any thermo-
couple. The value of k is indicated for each curve. Curves for k= .25 and .5
show the negative potential created when the bucking junction responds more rapidly
than the additive junctions. These curves are not of practical importance. The
curve for k = 1 corresponds to a single junction with time constant r,. The curves
for k > 1 show the decrease in response time as the time constant (r3) of the buck-
ing junction becomes larger with respect to 1. The amount of overshoot also

increases.

Figure 4 shows the decrease in the 90% response time as k increases. Nearly all
the enhancement in the response time due to an in-series thermocoupie configuration
occurs for k <3. From Figure 3, it can be seen that the amount of overshoot
increases rapidly as k becomes large. If the maximum allowable overshoot is set
at an arbitrary value of about 10%, the maximum practical value for k would be 2,

This analysis shows that the multiple-junction thermocouple is capable of decreas-
ing the 90% response rate of an optimum single junction by up to 50%.

The characieristics of the multiple junction when subjected to a decrease in temper-
ature are symmetrical to those discussed above for increasing temperature. The
total output will decrease to a value less than that of the new steady-state condition
before approaching its final value. The magnitude and duration of the undershoot
will be equal in duration and magnitude to the overshoot observed with increasing
temperature.

General Approaches to Reduce Sensor Errors

In summary, the errors of a temperature sensor can be enumerated as follows:

° Steady-state errors
recovery error
conduction error

radiation error

° Transient errors

response rate error
There are, in general, three approaches to the error problem:

1. Use the simplest possible sensor and correct the indicated temperature
according to the environment,

2. Use a sensor which has a known constant correction factor over the range
of environmental conditions to be expected in the application.

14
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EACH CURVE IS IDENTIFIED BY
THE VALUE OF THE PARAMETER
k WHERE k = T4/T;

Figure 3. Caiculated Response Curves for Multijuncticns as
a Function of Time 6 Normalized by the Time
Constant 7.
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3. Design a "direct reading' sensor which will indicate a sufficiently
accurate approximation to the gas stagnation temperature over the
expected range of environmental conditions.

The first approach will involve calibration of each sensor "in-situ' with the pos-
sibility of recalibration whenever a scnsor is changed. and will also require
detailed knowledge of the environment (using total and static pressurc probes) for
calculation of the correction factors involved. This approach is clearly useless
where the sensor is to be incorporated in the engine control system,

The second approach is feasible, but the only device currently available which
achieves this condition is the so-called sonic aspirated probe, which entails placing
the sensor at the throat of a sonic nozzle.3 The resulting indicated temperature is
corrected to gas stagnation temperature by a simple multiplicative factor which is
constant for all environmental conditions as long as the pressure ratio across the
Such a device may be acceptable as a sensor for

nozzle is greater than critical.
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small gas turbines and will be investigated as necessary. It has the disadvantages
of allowing for the correction factor in the read-out instrumentation and the possi-
bility of dimensional changes in an engine environment affecting the correction fac-
tor in an unpredictable manner. The response time of this device is commonly less
than 0.5 second and is also markedly insensitive to environmenta! changes. This
insensitivity may make it difficult to reduce the response time by a significant
amount.

The third approach is the one that will be pursued in this program; namely, the
design of a direct-reading sensor which will indicate the gas stagnation temperature
to within the allowable steady-state error and attain the fastest possible response
to minimize transient errors.

Gas Blockage Due to Probe Immersion

The basic effect of introducing a probe into a duct is a local loss in total pressure
across the probe due to its obstruction or blockage. This total head loss can read-
ily be estimated in terms of the gas conditions upstream of the probe by applying
the equations of continuity and momentum to the flow across the probe.

This result does not tell us the disturbing influence that the probe will have in an
actual engine duct. Placing a probe in an engine duct will generally cause a change
in the flow conditions upstream of the probe due to rematching of the engine com-
ponents. The rematch will depend upon the engine and the location of the probe,
and it is even possible for the probe to cause compressor surge leading to unstable
engine operation. For example, a probe placed in a compressor intake cannot
affect the upstream total pressure, so the pressure loss caused by it will result in
reduced compressor mass flow; the identical probe placed downstream of a choked
compressor cannot affect the mass flow, so the upstream total pressure must
increase and the engine rematches at a higher pressure ratio. Thus, it is impossible
to generalize on the effects of probe blockage in engine ducting and each case must
be treated as an individual engine matching problem.

Nevertheless, the pressure loss coefficient estimation is necessary in its own right
to determine the orders of magnitude involved and as a preliminary to more involved
engine matching considerations.

Let CD = drag coefficient of the obstruction
S = projected area of the obstruction
P = total pressure
p = static pressure
q = P - p = dynamic pressure
A = duct area
a = isentropic index

17
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R = total to static pressure ratio
Suffix 0 = upstream of obstruction
2 = downstream of obstruction

Then, equating the drag caused by the obstruction to the change in momentum
across the obstruction,

_ 2 2
Cp: 9y S = Pyh (““MO) - pyh, (1 *“Mz) (23)

and applying the equation of continuity across the obstruction,

a-1.2\1/2 a-1_.2\1/2
PoAoMo (1 e Mo) = PAM, (1 * 3 Mz) (24)
Now, assuming that the duct has constant area upstream ard downstream of the
obstruction, then
AO = A2 = A
and equation (23) may be written as
C.S R (1 +aM2) p 1+aM2)
D~ _ 0’ o/ _2 2 25)
A RO -1 RO PO R2
also, equation (24) may be written as
P. M. R (1+—°"1M2)1/2
2 _ 0, 2V "2 Mo (26)
P. M, R a-1 .,211/2
0 2 0 (1 e M2)
where
R = (1 La-1 MZ)a/a- 1 @7
0 2 0
and
R = (1+a-1M2)a/a-l R
2 3 M, (28)
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It is clear from equations (25) and (26), together with the two auxiliary equations (27)
and (28), that the total pressure ratio P2/P (which is unity when there is no pres-
sure loss) is a function of the drag parameter CnS/A and the approach Mach number
M, only because the downstream Mach number B is a function only of Py/P, and
MO' Unfortunately, the nature of the equations does not allow an explicit elimina-
tion of Mg to give P2/Pg as a direct function of C S/A and M,, so the equations
must be solved by assuming values of My and My and calcula (ing the resulting values
of Po/Pg and CpS/A. This has been dobe using an electronic digital computer, and
the results are plotted in Figure 5 for a value of ¥ = 1, 33.

In this figure the results are plotted as pressure loss coefficients

P .-P

_A_P = —_OP 2 = I—T)& (29)
0 0 0
and
ap _Po7P2 B (1"_2> o
q0 PO—PO Ro—l PO

The first form of the pressure loss coefficient is useful for engine performance and
matching calculations. The second form of the coefficient gives the loss in terms
of the approach dynamic head and is the usual form for incompressible (M = 0)
flow calculations.

If the engine is initially matched (at constant speed) on the vertical portion of the
compressor characteristic, then the mass flow cannot change as a result of insert-
ing the probe downstream of the compressor. The compressor delivery pressure
must then increase to compensate for the pressure loss, and the turbine inlet tem-
perature will increase to maintain a corre _t turbine match. If these small changes
in pressure and temperature are neglected as second-order effects, then Figure 5
can be used directly to get the effect of inserting a probe in an engine upstream of a
choked turbine and downstream of a choked compressor.

However, if the engine is originally matched on a horizontal portion of the com-
pressor characteristic, then (again at constant speed) the pressure ratio cannot
increase, so the mass flow must decrease. Again, if the necessary increase in
turbine top temperature is neglected, this case can be analyzed by assuming that

' =
BB, (31)

Py = P, (32)

where the primed quantities are the values obtained before inserting the probe.

= Pyfpy = Py, (33)

Thus,
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Figure 5. Estimated Pressure Loss Due to Duct Blockage.
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and

My = {<Po/p2)’a;1 St G4y

The fractional change in approach Mach number

AM _ 0
AM - _0
My My

can then be calculated from the total to total pressure ratio P2 /PO, since

p P P (1+a-1M2>a/a-l
R' =] -—0 = _0 . _2 = 2 2 (35)
g P, Py pz/Po
It can also be shown that the fractional decrease in mass flow is given by
a-1.,2
aw _w-w _ M It My 4 50
- 1 = 1 _ _
w w M01+a21Mg 2 (a-1)

This analysis has also been carried out on a digital computer and the results are
given in Figure 6.

For the incompressible case (MO = M'O = 0), equation (23) reduces to

-2 (37)

and equation (24) reduces to

V, =V (38)

where V is velocity.

Thus,

and




with

D AP
—e (40)
A q0
and
AP _ (41)
P 0

It can also be shown for the nonchoked compressor case that, for incompressible
flow,

AW _ 1
A1 —¢= (42)
L. D8
A
- AV _ (A_M>
= v M (43)

This latter equation implies that the fractional velocity change is the same as a
(fictitious) fractional change in Mach number.

Summary

Figure 5 illustrates the pressure loss due to inserting a probe downstream of a
choked compressor and upstream of a choked turbine. The pressure loss is
equal to the increase in compressor delivery pressure.

Figure 6 illustrates the effect on mass flow and approach Mach number and the
pressure loss caused by inserting a probe downstream of a compressor which is
working at maximum pressure ratio and upstream of a choked turbine.

Both figures apply to a single shaft machine running at constant speed. Second
order effects of temperature matching are neglected.

It is noted that with a nonchoked compressor, the additional penalty of reduced mass
flow is partially compensated by a reduced pressure loss penalty, but in both cases
the rematch will be closer to compressor surge.

Application to the High Temperature Probe Program

The above analysis started in an attempt to develop a general envelope of drag coef-
ficients and blockage areas within which to design the temperature probes for a
given allowable deterioration in engine performance. It is clear that any further
development along these lines would need to be particularized with a specific engine
in view. Nevertheless, the analysis has gone far enough to show the importance of
environmental Mach number M,, drag coefficient CD’ and blockage area ratio S/A
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M(') Approach Mach Number Before Introduction of Obstruction
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Figure 6. Estimated Effects of Duct Blockage.
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in the selection of probe geometry and location, and enables a rough quantitative
approach to be made. Thus, it is clear that, to keep the pressure loss below 1% of
the available total head, it is necessary to limit the environmental approach Mach
number to 0.4 maximum and to keep the product of drag coefficient and blockage
area ratio below 0.10. Even then, it is possible in an extreme case to lose up to
5% of the engine mass flow.

The annular dimensions of the small 2 pps engine are shown in Figure 7 scaled
from the 4 pps engine but maintaining 0.5-inch blade height. If a row of cylindrical
probes is positioned upstream of the nozzle row as shown, then assuming ten
probes with a mear depth of penetration of 3/8 inch to cover the temperature pro-
file, the blockage area for 1/8-inch-diameter probes is given by

S = 10x.375x.125 = .468 in. >

and the flow area is given by

A =% @5 -25% = 41200
The drag coefficient for a cylinder in crossflow CD = 1, 2(3), giving
CDS/A = 1.2 x .468/4,72
= ,118

Furthermore, with

W = 2 pps

T = 2960°F

P = 130 psia

WJ/T/AP = 2 ./2960/130 x 4.72 = ,1773

giving

M0 = ,20 (approx.)
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From Figure 5 or Figure 6, the pressure loss with such a system would be about
0.3% of the available total head with a potential mass flow loss of about 5%. This
pressure loss is possibly acceptable, but the mass flow loss is probably unaccept-
ably high; and if the engine is such that this type of mass flow loss is possible,
then CppS/A values of the order of .02 would be required.

It is apparent from the above that the use of an orthodox probe system could easily
result in unacceptable blockage penalties in these small engines, and means must
be sough! to miniaturize tne probes and choose locations which minimize tke
blockage area ratio. A good arrangement would be to locate the probes in the
leading edges of the nozzles with the sensor heads protruding and the leads taken
out through the body of the nozzle. This may, however, be an unacceptable
mechanical arrangement from the disassembly point of view, and more orthodox
methods may have to be resorted to with the CDS/A parameter reduced to accept-
able values when these values are known.

EXPERIMENTAL PROGRAM

The experimental program was divided into the following three general areas:
1. Materials selection and thermocouple design.
2, Effect of environment on thermocouple performance,

3. Response,

The first area includes a discussion of the design and fabrication of the prog.am
thermocouples to conform with the guidelines laid down in the thermodynamic

and analytical analysis. The program materials were chosen on the basis of com-
patibility tests and a survey of the literature. The study of the cffect of the
environment on the performance of the thermocouples was primarily concerned
with accuracy and mechanical stability over the lifetime of the thermocouple.

Both exposed and protected junctions were considered. Response is an important
consideration in the incorporation of the transducer into the engine controls. Con-
sequently, analysis of response rate and measurement of response times

received a major portion of the experimental effort.

MATERIALS SELECTION AND THERMOCOUPLE DESIGN

Many material combinations produce a thermoelectric effect, but only a few pro-
duce an emf that is linearly proportionate to the temperature of the hot junction,
thus making them useful as temperature measuring devices. Even fewer are
capable of functioning at the elevated temperatures present at the turbine inlet.
Thermocouples are limited to about 60° to 100°F below the melting temperature of
the lowest melting phase. The temperature-millivolt potential curves for some
commonly used thermoelectric elements are showr in Figure 8. To be considered
for turbine application, a thermocouple must function over the entire range of
temperature encountered in service. It can be seen that only the noble and refrac-
tory metals have the capability to function at 300°F (couples B, C, R, S, X and

L). Platinum, rhodium, iridium, rhenium and tungsten in various combinations
are the most often mentioned thermoelectric materials at high temperatures.
Although many other combinations of these and other materials have been
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Figure 8. Temperature-Millivolt Curves for Some Commonly
Used Thermoelectric Elements.
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TABLE 1I., PROPOSED THERMOCOUPLE MATERIALS
Type B Tungsten Versus W26%Re
Type C W5%Re Versus W26%Re !
Type S Platinum Versus Pt10%Re
Type X Pt6%Rh Versus Pt30%Rh
Type L Iridium Versus Ir40%Rh

investigated, the thermocouples listed in Table II xxege chosen for study based
on the best information available in the literature.®"

The thermocouples must also retain their electrical and mechanical properties
during long-time exposures to the environment. This includes compatibility with
insulating and sheathing materials, oxidation resistance, mechanical strength, and
resistance to structural and chemical changes. The degree to which each thermo-
couple meets these requirements will depend upon the exact environment to which
it is exposed.

Fabrication of Sensors

The most common thermocouple configuration is a single, fusion-welded wire
junction. A second shape that increases the ratio of area to mass and thus
increases the response rate is a foil junction made from the union of two thin foils.
The multijunction concept can be used to increase the response of either type of
junction. To increase life expectancy and reliability, a protective sheath may
surround the junction. This approach sharply reduces the rate of heat exchange
between the gas and the junction and thus reduces the response rate.

Wire junctions may be formed by fusion welding or by capacitance discharge weld-
ing. A fusion weld produces a bead at the junction with a diameter larger than that
of the wires. When a junction of smaller mass is desired, the capacitance welder
is used and no bead is formed. Foil junctions can also be fabricated in two
different ways: diffusion bonding and fusion welding.

To fabricate a diffusion-bonded junction, the two foils are overlapped and heat and
pressure are applied. Diffusion occurs very rapidly across the interface between
the two foils until one continuous body is formed. The pressure is applied through
two molybdenum alloy anvils by a hydraulic press. The anvils are heated elec-
trically and the temperature is automatically controlled by an optical pyrometer.
Tungsten foil is inserted to prevent sticking between the anvil and the platinum.

Figure 9A shows a cross section of a Pt6%Rh versus Pt30%Rh thermocouple bonded
in this manner. The tungsten cover strips are still in place. Bonding pressures
of 15,000 to 2G,000 pounds per square inch were used at temperatures of 1600° to
1800°F. Bonding time was 10 to 20 seconds. Figure 9B shows the microstructure
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Figure 9. Microstructure of a Diffusion-Bonded Pt6%Rh-Pt30%Rh
Foil Hot-Junction.
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of the bonded junction. Electron microprobe analysis showed that compositional
changes occurred over less than 0.001 inch on either side of the part line during
bonding. Overlaps of 0.004 to 0.010 inch were used. Multiple junctions formed
in this way were tack-welded in place to preserve the junction alignment and then
were diffusion bonded. After bonding, the foils were formed into a tubular shape
or left as a flat strip. Lead wires were then welded to the junction to form a
thermocouple.

Fabrication of protected thermocouple probes posed a serious material-system
problem. Compared with an exposed junction, a sheathed probe will have a slower
response due to the barriers added to heat flow. Several advantages obtained by
adding the protective sheath may offset the reduction in response rate for many
applications. Thermoelectric materials may be used which are not resistant to
oxidation but have higher signal strength than those that can be used exposed.
Increased durability, reliability and lifetime are also important considerations.

To maximize the response time of a protected junction, it must be made as a
"grounded junction.' That is, the thermocouple junction is in contact with the
sheath, making it unnecessary for the heat to travel through the insulation to reach
the thermoelement. Schematic diagrams of grounded and isolated junctions are
shown in Figure 10, Material candidates for the sheath are quite limited due to the
high temperatures involved. Tantalum and columbium, coated to resist oxidation,
would be leading contenders. Tungsten-rhenium thermocouples offer high tempera-
ture capability and relatively high signal strength. Preliminai-y work was
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conducted on fabrication of a grounded thermocouple probe consisting of 8 W5%Rh
versus W26%Re thermocouple, AlpO3 powdered ceramic insulation and a tantalum
sheath coated with Solar's '"TNV-7''(9) coating. The principal problem arises in
making the necessary welds at the junction-sheath interface without embrittling the
W-Re wires. A satisfactory solution was not demonstrated but it is thought that
further work can result in a workable probe.

COMPATIBILITY

The compatibility of the thermoelectric materials with the adiacent insulating
oxides is an important consideration in choosing the entire materials system to
be used, Material transport, solid-state diffusion, eutectic formation resulting
in low melting phases, and recrystallization are some of the reactions which can

[ occur at interfaces due to an unsatisfactory choice in materials systems. The

| term compatibility will be used with respect to properties covered by mechanical
or physical metallurgy and not the thermoelectric statility of the alloy. Compat-
ibility of a thermoelectric material and an oxide must be referred to a specified
atmosphere, A system that is compatible in a reducing atmosphere might not be
compatible in an oxidizing atmosphere or in a vacuum. All of the compatibility
tests on this program were carried out in slowly moving air or in an inert
atmosphere.

The oxidation of the platinum group thermocouple materials is excellent compared
to the refractory metal thermocouple materials. However, at temperatures above
2200°F, all of the platinum group metals exhibit linear rates of weight loss through
the formation of volatile oxides. The weight loss of the platinum group metals in
air are shown in the Arrhenius plot in Figure 11, and are based on work by Krier
and Jafee. © Noteworthy is the low rate of w Ig'it loss shown for platinum and
rhodium compared to that of iridium. However, calculations by Krier and Jaffee
on the degree of saturation of the airstream flowing around the specimens shows
that the air was, for the most part, saturnted with oxides of platinum and rhodium;
the air was relatively unsaturated for the ivldium test. Thus, a possibility exists
for the axidation rate of platinum ard rhot'un to be considerably higher than that
. shown. The influence of air veleci.y on the oxidation rate of the platinum group
metals is important when conside:raticn i3 z1ven to the high velocities that are
encountered in the turoine environment. Even in view of the foregoing, platinum
and rhodium exhibit the best oxidation resistance in the temperature range of
interest. The oxidation rate of iridiuz; at ..500°F is not high enough to exclude it as -
. a thermocouple material; and its bigher temperature characteristics are attractive
in consideration of possible overtemperature conditions in the engine. Tungsten
and tungsten-rhenium alloys must be used with protective sheathing or coatings to
protect them from rapid oxidation.

Selection of Oxides for Insulators

The use of oxides in this environment appears to be practical from a chemical
stability point of view. The oxides are stable in a number of varied environments
due to the low free energy of formation, as shown in Figure 12. The oxides,
Alp0Og3, ThOg, ZrOg, BeO and MgO), are typically used for thermocouple insula-
tion, The available data indicates that at the temperatures of interest, the oxides
are more stable thun their compounds of carbon or nitrogen which are present in
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TABLE III. PROPERTIES OF REFRACTORY OXIDES
Max, Modulus Modulus
Poros- Normal of Rup- of Elas- Thermal
ity (vol. Use ture (psi) tigity Stress

Composition %) Temp. (°F) at 1832°F 10° psi  Resistance
99, 9A1203 0 3500 30, 000~ 55 Very good
(sapphire) 100, 000
99. 8A1203 3-7 3450 22,000 53 Good
(sintered)
99. 8BeO 3-17 3450 10, 000 45 £xcellent
99, 8MgO 3-7 3630 12, 000 30.5 Fair-poor
99, 5Ti0? 3-7 2910 6, 000 — Fair-poor
99, 8Y,,O3 2-5 363 —_ —_ Fair-poor
99. ’ZrSiO4 5-15 3270 6, 000 30 Good

lar, - quantities in the turbine atmosphere. Physical properties of refractory
oxides are listed i1 Table III, and electrical resistivity at several temperatures is
shown in Table IV.10

Al203, ZrO2, MgO, ThO2, SiO2, Yt203, and Nd203 were considered for use as
insulating matrrials. The compatibility of the various thermoelements with the
oxide insulating materials was determined by packing samples of carefully weighed
and measured thermocouple materials in powdered metal oxides and exposing these
in air or inert gas at 2000° to 2500°F for 100 hours. After exposure, the samples
were removed from the oxides and reweighed and measured. Metallographic
techniques were used to determine the occurrence of any metal-oxide reactions.

Experimental Method

Three thermoelectric materials systems were tested for compatibility with refrac-
tory oxides. These thermocouple alloys were platinum-rhodium, iridium-rhodium
and tungsten-rhenium. The refractory oxides used for these tests were 8iOg,
Alp03, MgO, ZrOg,and ThOy. Samples of each alloy were cut from spools of
standard 0.015-inch-diameter thermocouple wire. Each sample weighed approxi-
mately 200 milligrams. Three samples of each alloy were weighed and cold packed
into the oxide powders (reagent grade) anc placed in individual alumina boats.
Several boats were then placed in a preheated tube furnace. The ends of the
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TABLE IV. ELECTRICAL RESISTIVITY OF CERTAIN REFRACTORY OXIDES

Electrical
Refractory Resistivity Tempera-
Oxide (ohm-cm) ture (°F)
Alumina 1013 930
107 1830
104 2730
Beryllia 109 930
107 1830
105 2730
Magnesia 1012 930
107 1830
Thoria 108 930
104 1830
102 2730
Zirconia 10" 93
105 1830
102 2730

furnace muffle were left open to allow slow circulation of air over the samples.
After exposure at temperature for 100 hours, the boats were removed from the
furnuce and the samples cleaned, reweighed and observed microscopically. The
average of the three samples was used to determine the percentage of weight loss
during the test.

Platinum-Rhoaium Alloys

Samples of platinum, platinum-10% rhodium, platinum-13% rhodium and platinum-
30% rhodium were tested in the manner described on page 35. Exposure was at
2500°F for 100 hours. Table V shows the percent of the original weight lost dur-
ing exposure. Each entry in the table is an average of at least three samples.
Noteworthy is the absence of any weight gains in the material systems studied.
This indicates that the principal reaction is with the oxygen in the air forming
volati'e oxides of platinum and rhodium. In all of the systems studied, no major
incompatibility was found. It was noted that MgO sin‘ered slightly to the surface
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of the samples, indicating that there was a slight reaction between MgO and the 1
platinum-rhodium alloys. The exact mechanism or extent was not determined due
to the availability of other refractory oxides that appear to be compatible with |

platinum-rhodium.
All of the platinum and platinum-rhodium alloys examined after the 100-hour
exposures at 2500°F exhibited considerable grain growth., Figure 13 shows a
typical cross section of the wire (0.015-in, diameter). The effect of the grain
growth on the stability and mechanical properties of wire was not investigated.
TABLE V. COMPATIBILITY OF PLATINUM-RHODIUM ALLOYS
WITH REFRACTORY OXIDES IN AIR
Average Average Loss
Exposure Wt Loss in Diameter
Material Oxide Media (pct) (inch)
Pt SiO2 Air 2.40 0.0002
A1203 Air 4,33 0.0004
MgO Air - -
- Air 4, 66 0.0007
Pt10%Rh SiO2 Air 0.43 . 0000
A1203 Air 3.83 0.0001
MgO Air 0.40 -
ZI‘O2 Air 2,73 =
ThO2 Air 1.70 -
- Air 4,33 0.0004
Pt13%Rh SiO2 Air 6.20 0.0003
A1203 Air 1.80 0.0002
MgO Air - -
Pt30%Rh A1203 Air
SiO2 Air
Th02 Air
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Iridium-Rhodium Alloys

Pure iridium and iridium-40% rhodium were studied for their compatibility with
the refractory oxides in the same manner as the platinum-rhodium alloys. The
weight loss data is presented in Table VI, where the effects of the higher oxidation
rate of Ir are clearly shown. All of the specimens had clean surfaces, indicating
that the only reaction was a continual loss of metal due to the formation of volatile
oxides. The data in Table VI indicates that pure iridium will not be an acceptable
material for thermocouples due to its poor oxidation properties when compared to
Ir40%Rh or the platinum and platinum-rhodium alloys.

TABLE VI. COMPATIBILITY OF IRIDIUM-RHODIUM ALLOYS
WITH REFRACTORY OXIDES IN AIR

Average Average

Preexposure Average Weight
Exposed Exposure Weight Weight Loss Loss
Material Media (% (mg) (mg) (pct)
Ir A1203 105,77 33.93 32.1
Ir ThO2 105.13 64,03 60.9
Ie ZrO2 106,69 35.50 33.3
Ir SiO2 107.63 82.10 76.3
Ir40%Rh AL, 0, 75.17 3.63 4.8
Ir40%Rh ThO2 75.2 3.13 4.2
Ir40%Rh Zro2 74,47 6.67 8.9
Ir40%Rh sio,, 76.30 11,27 14.8

(*)  All specimens exposed at 2500°F for 100 hours in slowly moving air.
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Etchant: Magnification
80% Hy0 125X
Saturated with (Reduced 20%)
NaCl + 20% HC1
Electrolytic
Magnification
125X

Pt 10% Rh Exposed in ThO2

Figure 13. Microstructure of Platinum 10% Rhodium
After 100 Hours at 2500°F,
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Tungsten-Rhenium Alloys

Tungsten reacts very rapidly with oxygen and therefore cannot be considered for
use as an exposed junction. Tungsten-rhenium thermocouple alloys have very good
high temperature characteristics and a much higher signal strength than the
platinum-rhodium alloys. The tungsten-rhenium couple can be used inside a pro-
tective sheathing, where it does not come into contact with oxygen. To test their
compatibility with AloOg3 and ThOg and Nd2Og, two tungsten-rhenium alloys were
exposed, in argon, for 98 hours at 2350°F. The samples were weighed before and
after exposure., Table VII lists the average percent of weight loss from three
samples, each weighing about 100 milligramis. The very small weight loss indi-
cates that in an inert atmosphere, there are no compatibility problems with the two
principal refractory oxides.
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